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ABSTRACT 

The  goal  of  this  seedling  was  to  determine  whether  cell-free  hemoglobin  (HBOC)  solutions  could  enhance  oxygen  carrying  capacity  of 
blood  during  exposure  to  high  altitude  (14,000  ft  and  above).  The  outcome  of  interest  was  increased  altitude  exercise  perfonnance 
secondary  to  improved  oxygen  carrying  capacity  of  blood.  Male  Sprague  Dawley  rats  were  habituated  to  treadmill  running,  then  evaluated 
on  time  to  fatigue  at  base  altitude  (1500  m)  and  then  again  at  4300  m.  Running  times  were  reduced  for  rats  at  altitude.  Treatment  with 
HBOC  worsened  running  times  by  ~  50%,  despite  increased  oxygen  carrying  capacity  of  blood.  This  led  to  an  investigation  as  to  cause  and 
to  possible  interventions.  Additionally,  novel  tissue  harvesting  in  hypoxic  conditions  has  permitted  the  unique  evaluation  of  cell  markers  of 
hypoxia,  such  as  HIF1 -alpha.  Hemodynamic  data  showed  that  in,  awake  rats,  marked  reductions  in  cardiac  output,  elevated  blood  pressure, 
and  increased  vasoconstriction  to  HBOC  infusion.  Use  of  LNAME  provided  information  to  suggest  that  HBOC  scavenges  NO.  Managing 
the  NO  scavenging  with  a  PDE-5  inhibitor  or  S-nytrosylated  HBOC  resulted  in  improved  exercise  performance  (~40%)  at  high  altitude. 

This  study  suggests  that  HBOC  therapy  may  be  used  to  enhance  exercise  performance  at  high  altitude  if  NO  scavenging  is  managed. 
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I.  Background 

This  is  the  final  report  and  recommendations  by  the  “research  group  affiliated  with 
University  of  Colorado  Health  Science  Center  and  Colorado  State  University  for  the 
seedling  grant  titled  “Rapid  Altitude  Acclimatization”  August  15,  2006-February 
14,  2008.  The  objective  of  this  study  was  to  investigate  the  feasibility  of  enhancing 
exercise  performance  at  high  altitude  utilizing  hemoglobin  based  oxygen  carriers 
(HBOC). 

II.  Statement  of  Work:  The  project  consisted  of  two  primary  hypothesis:  1) 
Determining  if  treatment  with  the  HBOC  Oxyglobin®  would  increase  arterial  oxygen 
content  and  enhance  exercise  performance  at  high  altitude;  2)  Determining  if 
treatment  with  a  combination  of  Oxyglobin  and  a  nitric  oxide  donor  would  be  more 
efficacious  at  increasing  oxygen  delivery  and  enhancing  exercise  performance  at  high 
altitude  vs.  Oxyglobin®  alone.  Sub  aims  under  each  hypothesis  investigated  HBOC 
effect  on  pulmonary  vascular  leak,  vascular  endothelial  growth  factor  (VEGF)  and 
VEGF  receptor  soluble  fit- 1 . 

III.  To  meet  our  statement  of  work  objectives  a  rat  exercise  model  was  developed  in 
which  to  evaluate  HBOC  solutions  to  enhance  oxygen  carrying  capacity  of  blood 
during  exposure  of  animals  to  high  altitude  (14,000  ft  and  above).  The  outcome  of 
interest  was  increased  altitude  exercise  performance  secondary  to  improved  oxygen 
carrying  capacity  of  blood.  In  addition  the  following  parameters  were  analyzed  1) 
cardiovascular  and  hemodynamic  responses;  2)  vascular  leak;  3)  hypoxia-induced 
intracellular  pathways  including  hypoxic  inducible  factor  (HIF)  and  vascular 
endothelial  growth  factor  (VEGF)  and  metabolomic  markers. 

IV.  Results: 

Primary  aim  1:  Would  Treatment  with  the  HBOC  Oxyglobin®  increase  arterial 
oxygen  content  and  enhance  exercise  performance  at  high  altitude. 

Hemodynamic  studies  in,  hypoxic,  conscious  rats  demonstrated  marked  reductions  in 
cardiac  output  (Figure  1),  elevated  blood  pressure,  and  increased  vasoconstriction  to 
HBOC  infusion.  Use  of  NFA  to  block  nitric  oxide  (NO)  provided  information  to 
suggest  that  HBOC  scavenges  NO,  resulting  in  negative  cardiovascular  changes; 
thereby,  offsetting  any  increased  oxygen  carrying  capacity  of  HBOC  (Figure  1). 


Exercise  performance  studies:  Male  Sprague  Dawley  rats  were  habituated  to 
treadmill  running,  then  evaluated  on  time  to  fatigue  at  base  altitude  (1500  m)  and 
then  again  at  4300  m.  Running  times  were  reduced  for  rats  at  altitude.  Treatment 
with  HBOC  worsened  running  times  by  about  half  (50%),  despite  increased  oxygen 
carrying  capacity  of  blood.  This  led  to  an  investigation  as  to  cause  and  to  probable 
interventions. 


hypoxia-induced  intracellular  pathways: 

Hypoxia  inducible  factor  (HIF):  Novel  tissue  harvesting  in  hypoxic  conditions  has 
permitted  the  unique  evaluation  of  cell  markers  of  hypoxia,  including  HIF1 -alpha. 
HBOC  treatment  decreased  HIF-la  in  the  kidney  and  brain  after  a  4  h  exposure  to  a 
simulated  high 

altitude  of  18,000  ft. 

This  is  a  significant 
observation  when 
evaluated  with 

hemodynamic  and 
oxygen  delivery  data 
that  suggested  oxygen 
delivery  was 

decreased  with  HBOC 
infusion.  We  explored 
whether  or  not  nitric 
oxide  scavenging  by 
HBOC  may  explain 
this  phenomena.  HIF- 
la  was  reduced 
approximately  the 
same  amount  when  a 
nitric  oxide  synthase 
(NOS)  inhibitor  was 
administered  (Figure 
2).  This  would 
suggest  that  NO 
scavenging  by  HBOC  does  have  an  effect  on  HIF  induction,  but  under  these 
conditions  whether  or  not  this  is  beneficial  is  yet  to  be  determined. 

Vascular  endothelial  growth  factor  (VEGF) 

Vascular  endothelial  growth  factor  (VEGF)  and  VEGF  receptor  (sflt-1):  Treatment 
with  HBOC  increased  plasma  concentrations  of  VEGF  in  all  animals  (Figure  3). 
Plasma  concentrations  of  total  sFlt-1  significantly  increased  following,  both,  hypoxic 
exposure  and  HBOC  administration.  A  Pearson's  Correlation  was  run  to  examine  the 
relationship  between  changes  in  plasma  concentrations  of  unbound  VEGF 
and  plasma  concentrations  of  total  sFlt-1.  No  significant  relationship  was 
observed.  A  significant  increase  in  plasma  concentrations  of  unbound  VEGF 
following  HBOC  administration  despite  an  attendant  rise  in  total  sFlt-1  plasma 
concentrations  is  surprising  and  warrants  further  Investigation. 

Pulmonary  vascular  leak:  Pulmonary  vascular  leak  was  increased  with  HBOC 
treatment  and  this  was  not  associated  with  increased  arterial  pressure,  but  associated 
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Figure  2.  Hypoxic  inducible  factor(  HIF)  DNA  binding  in  the  kidney,  LOU-  low  altitude  untreated; 
LOT-  Low  altitude  PBvHb  treated;  HOU-high  altitude  untreated;H0T-  High  altitude  PBvHb  treated; 
NLA-  High  altitude  treated  with  the  NOS  inhibitor  NLA,  PBvHb-  polymerized  bovine  hemoglobin. 
*p<0.05  vs  all  other  treatments 


with  increased  circulating  VEGF.  This  is  an  important  observation  in  how  HBOC 
are  modulating  VEGF.  HIF-1  a  is  an  important  transcription  factor  of  VEGF,  but  as 
previously  described  the  HBOC  used  in  this  study  decreased  HIF-1.  It’s  known  that 
inflammatory  mediators  can  induce  VEGF.  Thus,  to  reconcile  the  paradoxical 
relationship  induced  from  HBOC  infusion  between  HIF  and  VEGF  further 
investigation  of  HBOC-induced  inflammation  is  warranted. 


NX-LR  (n  =  7)  NX-HBOC(n^8)  HX-LR  (n -8)  HX-HBOC  (n  -  11) 


Figure  3.  Polymerized  Bovine  Hemoglobin  treatment  (HBOC)  effect  on 
VEGF.  (n  values).  LR-  lacted  ringers  (control)  treated,  Nx-  normoxic, 
Hx-  Hypoxic.  *  p<0.05  vs  untreated 


Primary  aim  2:  Treatment  with  a  combination  of  Oxyglobin  and  a  nitric  oxide  donor 
would  be  more  efficacious  at  increasing  oxygen  delivery  and  enhancing  exercise 
performance  at  high  altitude  vs.  Oxyglobin®  alone. 

Hemodynamic  effects:  As  a 
strategy  to  reduce  NO  scavenging 
by  HBOC,  or  to  provide  enhanced 
NO  responsiveness,  in  order  to 
improve  cardiovascular  function 
during  HBOC  infusion;  thereby, 
enhancing  oxygen  delivery  and 
running  times  at  altitude  we  s- 
nitrosylated  HBOC  to  delivery 
NO.  Compared  to  HBOC 
(Oxyglobin)  alone,  an  infusion  of 
treated  (i.e  S-nitrosylatated),  and 
untreated  Oxglobin  preserved 
normal  hemodynamic  and  cardiac 
function  (Figure  4).  This 
translated  to  increased  oxygen 
delivery  in  rats  exposed  to  high 
altitude.  Additionally,  compared  to  Oxyglobin  and  Oxyglobin  +  PDE-5  inhibitor  also 
increased  the  cardiac  index  (Figure  5).  This  data  supports  our  hypothesis  that 
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Figure  4.  Replenishing  NO  with  co-administration  of  s-nitrosylated  (SNO)  HBOC 
with  standard  HBOC.  LR-lacted  ringer  (control)  treatment 


Oxyglobin  scavenges  NO  and  that  increasing  NO  availability  (i.e.  SNO)  or 
enhancing  the  signal  (i.e.  inhibiting  PDE-5)  reduces  vasoactive  side  effects  of  HBOC 


Exercise  performance: 
Running  times  were 
increased  from  vehicle 
control  rats  at  altitude 
(~40%).  As  a  proof  of 
concept  that  increasing 
NO  availability  would 
off-set  HBOC  induced 
side  effects  PDE-5 
inhibitors  were  giving 
simultaneously  with 
HBOC.  This  treatment 
combination 
(HBOC+PDE-5 
inhibitor)  also  increased 
exercise  performance  at 
high  altitude. 


Cardiac  Index 


Figure  4.  Replenishing  NO  with  co-administration  of  a  PDE-5  inhbitor  (S) 
with  standard  HBOC.  LR-lacted  ringer  (control)  treatment.  *p<0.05  vs  all  other 
groups 


Recommendations:  In  this 
seedling  grant  we  have  shown 
that  infusion  with  an 
hemoglobin  based  oxygen 
carrier,  Oxyglobin®  (1.3g/kg), 
increases  arterial  oxygen  content 
approximately  10-15%  above 
normal  values.  However,  we 
have  also  demonstrated  the 
darker  side  of  HBOC  infusion. 

Due  to  NO  scavenging  HBOC 
induced  a  dramatic  decrease  in 
cardiac  index  and  this  resulted 
in  a  net  decrease  in  oxygen 
delivery.  Our  results  also  clearly 
demonstrate  that  if  one  offsets 
the  NO  scavenging  by  either 
increasing  nitric  oxide  synthase 
via  a  PDE-5  inhibitor  or 
chemically  attaching  a  NO  to 
the  hemoglobin  (SNO),  cardiac  output  is  maintained  and  oxygen  delivery  is 
increased,  and  exercise  performance  at  high  altitude  is  modestly  improved. 

Thus,  our  data  supports  the  theory  and  feasibility  that  HBOC  may  improve  soldier 
performance  at  high  altitude.  However,  For  HBOC  to  improve  high  altitude  exercise 
performance  in  soldiers  the  NO  scavenging  effect  must  be  managed.  We  believe  that 
this  can  be  managed  by  the  co -administration  of  an  NO  donor.  The  burning 
questions  that  our  research  leaves  un-addressed  are  1)  the  optimal  dose  of  SNO- 


Exercise  performance  at  simulated 
high  altitude  14,000  ft. 


Figure  6.  Exercise  time  to  fatigue  represented  as  %  change  from  control.  CTRL-  untreated  (control); 
PBvHb-  treated;  PBvHb  +  PDE5  treated;  PBvHb+  SNO-PBvHb  treated.  PBvHb-  polymerized  bovine 
Hemoglobin 


hemoglobin  or  PDE-5  inhibitor  to  achieve  the  a  maximum  benefit;  2)  an  optimal 
HBOC  P5o  and  3)  an  optimal  cross  link  material/method.  Finally,  we  believe  that 
answering  these  questions  are  of  importance  not  only  to  the  military,  but  also  for  the 
clinical  relevancy  in  the  development  of  HBOC  in  general. 
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